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Goals 

Use Two-Dimensional Thermal-Capillary Model 

TO IDENTIFY RATE AND PROCESSING LIMITS FOR 

Growth of thin Silicon Sheets, 

Results for Vertical and Inclined Die-Defined 
Growth Systems 
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Important Results 

1. Maximum Growth Rate in Vertical System is set 
by Thermal-Capillary Limit beyond which steady 

GROWTH IS IMPOSSIBLE 

• Limits Growth Rate in Die-Defined Systems 
(EFG) 

• of Secondary importance in Free-Meniscus 
Geometries (Dendritic Web, Edge-Supported) 


2. Vertical Growth is Qualitatively Modelled by 
One-Dimensional Heat Transfer 

• Laterally Uniform Temperature 
Almost Flat Melt/Crystal Interface 


3, One-Dimensional Model is Valid for a Wide Range 
of Ambient Conditions 


A. Thermal-Capillary Limits Exist for Inclined 
Growth Systems 
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Conduction Dominated 

Kf7 2 T = 0 (Melt) 

Kp 2 T - Pe (V-VD = 0 (Crystal) 

Mundaby Conditions 
-n*KtT = Bi(T-T a ) + R(T^T a 4 ) 

T T y =-L 3 * *0 

^Iy=h(x) = 

^|y=cd - Tcx, 

N’K^TT - n»Kj7T = PeSt(n*V) j Y = H (x) 
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Thermal-Capillary Model, Capillarity 


Menisci 

2 Bo(y + H eff ) 


Boundary Conditions 

• Pinned at Die 

• Pinned at Crystal 

• Steady state angle, ■ 11° 

USED TO DETERMINE THE 

Crystal Thickness 



Characteristics of Isotherm/Newton Method 

• Galerkin/Finite-Element Approximations to 

- Temperature Field in each Phase 
— Melt/Crystal Interface Shape 

- Melt/Gas Menisci i 


• Simultaneous Convergence in all Variables 
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Mapping from Real Coordinates to a Unit Domain 
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Sample Result fv. r Die-Defined System 

V = 1,5 cm/min 

Uniform Ambient , Too* 02 (340°K) 
Isotherms 5° apart 
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• Uniform Isotherms point to ID Temperature Field 
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One-dimensional model is based on: 


• Laterally Averaged Temperature 


T(y) = T(x,y) at x = t 
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• Conduction Dominates over Radiation 
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h = Effect* ;e Heat Transfer Coefficient 

Maximum Growth Rate in Die-Defined System is Determined 

by Limit Points 
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At the Limit Point, the Sensible Heat Cannot be 
Funneled Quickly Enough from the Melt into the Crystal 




Results of One- and Two-Dimensional Models 
are Qualitatively Similar 
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IV. 


IV. 10. 19. 

■IDTM Of COOL I NO ZONK 



Inclined Growth for Uniform Ambient 

T * 5°K for Isotherms 
V - 1.5 cm/min 


• Isotherms are Perpendicular to 
Direction of Growth 




Crystal Tmicrncss 
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Effect of Inclination on the Crystal Thickness 



INCLINATION FROM VERTICAL , 0E6REES 

Summary 

• Maximum Growth Rate in Vertical and Inclined 
Systems is set by Thermal-Capillary Limits 

• Melt/Crystal Interface is Flat 


• Vertical Growth is Qualitatively Modelled by 
One-Dimensional Heat Transfer 
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